Post-translational modifications of one or more central ''clock'' proteins, most notably time-of-day-dependent changes in phosphorylation, are critical for setting the pace of circadian (y24 h) clocks. In animals, PERIOD (PER) proteins are the key state variable regulating circadian clock speed and undergo daily changes in abundance and cytoplasmic-nuclear distribution that are partly driven by a complex phosphorylation program. Here, we identify O-GlcNAcylation (O-GlcNAc) as a critical post-translational modification in circadian regulation that also contributes to setting clock speed. Knockdown or overexpression of Drosophila O-GlcNAc transferase (ogt) in clock cells either shortens or lengthens circadian behavioral rhythms, respectively. The Drosophila PERIOD protein (dPER) is a direct target of OGT and undergoes daily changes in O-GlcNAcylation, a modification that is mainly observed during the first half of the night, when dPER is predominantly located in the cytoplasm. Intriguingly, the timing of when dPER translocates from the cytoplasm to the nucleus is advanced or delayed in flies, wherein ogt expression is reduced or increased, respectively. Our results suggest that O-GlcNAcylation of dPER contributes to setting the correct pace of the clock by delaying the timing of dPER nuclear entry. In addition, OGT stabilizes dPER, suggesting that O-GlcNAcylation has multiple roles in circadian timing systems.
Circadian rhythms are daily oscillations in behavioral, physiological, and biochemical processes that persist with~24-h periods even in the absence of environmental time cues, such as the daily changes in light and temperature (Dunlap 1999) . These rhythms are driven by cellular pacemakers based on a small set of core clock proteins that are conserved within a particular kingdom. The overall molecular underpinnings governing circadian rhythms show remarkable similarities from microorganisms to humans (Young and Kay 2001) . A shared feature of circadian clocks is that they are based on transcriptional/ translational feedback loops (TTFLs) that have both negative and positive elements. Drosophila has served as a pivotal model system in deciphering the cellular and molecular bases underlying circadian rhythms.
In Drosophila, the core transcriptional feedback loop involves the central clock proteins dPERIOD (dPER), TIMELESS (TIM), dCLOCK (dCLK), and CYCLE (CYC) (Hardin 2011) . dCLK and CYC are transcription factors that form a heterodimer that binds E-box DNA elements to activate expression of dper and tim, in addition to other clock and nonclock gene targets. After a time delay, dPER and TIM interact and transit from the cytoplasm to the nucleus, where dPER participates with other factors in repressing dCLK-CYC-mediated transcription. Eventually, the levels of dPER and TIM decline in the nucleus, enabling another round of dCLK-CYC-mediated transcription. The phase-specific inhibition of dCLK-CYC activity by dPER is the basis for generating daily rhythms in gene expression. A very similar core transcriptional feedback loop involving PER proteins (mPER1-3) and a homologous pair of transcription factors (CLOCK-BMAL1) operates in the mammalian clockworks (Zhang and Kay 2010) .
Although TTFLs constitute the overall architecture of circadian timing mechanisms, post-translational modifi-cations of clock proteins are essential to generate 24-h rhythms (Bae and Edery 2006; Merrow et al. 2006; Gallego and Virshup 2007) . Most notably, time-of-day-dependent changes in the phosphorylated state of one or more key clock proteins, which involves the regulated balance between kinases and protein phosphatases, have been shown to be critical for setting the pace of circadian rhythms in a wide variety of organisms. In animal clocks, PER is the main component setting the pace of the clock, and temporal phosphorylation plays a vital role in this function by regulating its daily stability, timing of nuclear entry, duration in the nucleus, and possibly potency as a repressor (Bae and Edery 2006) .
Besides phosphorylation, the hydroxyl groups of Ser/ Thr residues on proteins can also be modified with O-GlcNAcylation (O-GlcNAc) (Torres and Hart 1984; Holt and Hart 1986) . O-GlcNAcylation is a highly conserved post-translational modification that has been shown to modulate diverse protein functions, including proteinprotein interactions, protein turnover, subcellular localization, and changes in activity (Wells et al. 2001; Hanover et al. 2010) . Two enzymes mediate reversible addition of the b-N-acetylglucosamine moiety to the hydroxyl side chains of Ser/Thr residues of protein substrates; namely, b-N-acetylglucosaminyltransferase (O-GlcNAc transferase; OGT) and b-N-acetylglucosaminidase (O-GlcNAcase; OGA) (Dong and Hart 1994; Kreppel et al. 1997) . OGlcNAcylation is highly dynamic, and numerous findings reveal a complex interplay between phosphorylation and O-GlcNAcylation (Butkinaree et al. 2010; Zeidan and Hart 2010) . The ogt gene in Drosophila has recently been reported to be the Polycomb group (PcG) gene super sex combs (sxc) (Gambetta et al. 2009; Sinclair et al. 2009 ). This finding also suggests that O-GlcNAc modifications play key roles in PcG-mediated epigenetic silencing.
Here, we demonstrate that dPER is O-GlcNAcylated in flies and that this modification is temporally regulated. Remarkably, genetic manipulation of O-GlcNAc levels by either down-regulating or up-regulating OGT in clock cells speeds up or slows down the pace of circadian behavioral rhythms, respectively. The timing of dPER nuclear translocation in key brain pacemaker neurons is advanced in ogt knockdown flies and delayed in ogtoverexpressing flies, providing an attractive mechanism for the behavioral observations. Because O-GlcNAcylation of dPER mainly occurs during the first half of the night, when it is retained in the cytoplasm, our results suggest that O-GlcNAcylation gates the timing of when dPER translocates from the cytoplasm to the nucleus. Moreover, O-GlcNAcylation also stabilizes dPER, revealing multiple functions for this post-translational modification in the clockworks. Together, our findings demonstrate a prominent role for O-GlcNAcylation in circadian timing mechanisms and indicate that setting clock speed involves a complex network of diverse posttranslational modifications.
Results

dPER is O-GlcNAcylated in Drosophila cultured cells
To examine whether circadian clock proteins can be modified by O-GlcNAcylation, we first used a simplified Drosophila tissue culture system. Schneider 2 (S2) cells were cotransfected with pAct-per, pAct-tim, pAct-HAClk, or pAct-cyc-3F, along with increasing amounts of pMT-ogt-V5. Cu 2+ was added to the medium to induce ectopic expression of OGT via the inducible pMT promoter. O-GlcNAcylation of proteins was measured using an O-GlcNAc-specific antibody (HGAC-85) to probe immunoprecipitated clock proteins (Turner et al. 1990; Gambetta et al. 2009; Sinclair et al. 2009) . Among the clock proteins tested, only dPER was strongly modified with O-GlcNAc, with signal intensity increasing in a dose-dependent manner (Fig. 1A) . Other clock proteins, such as TIM, CYC, and dCLK, did not manifest significant levels of O-GlcNAc modification under the same conditions (Supplemental Fig. S1 ). Another O-GlcNAcspecific antibody, RL2 (Snow et al. 1987) , also detected dPER (Fig. 1B, lanes 3,4) . Moreover, the intensity of O-GlcNAc staining is significantly increased by treating cells with 100 mM NButGT (1,2-dideoxy-29-propyl-a-D- Figure 1 . dPER is O-GlcNAcylated in S2 cells. (A) S2 cells were transiently transfected with 600 ng of pAct-dper either singly or in combination with increasing amounts of pMT-ogt-V5 (200 and 600 ng). (B,C) S2 cells were transiently cotransfected with pAct-dper and 600 ng of pMT-ogt-V5, as indicated above panels. (B) To inhibit OGA activity, 100 mM NButGT was added as indicated (+). Expression of OGT was induced 24 h after transfection by adding 500 mM (final) CuSO 4 to the medium. Cells were harvested 24 h after induction, and protein extracts were directly analyzed by immunoblotting (Input) or subjected to immunoprecipitation with anti-dPER antibody (gp339) or anti-HA antibody (12CA5) as a negative control. Immune complexes were analyzed for O-GlcNAc modification using the HGAC-85 antibody (A) or RL2 antibody (B). glucopyranoso-[2,1-D]-D29-thiazoline) (Macauley et al. 2005; Park et al. 2011) , which inhibits OGA activity (Fig. 1B, cf. lanes 3 and 4) . Furthermore, coexpression of both ogt and dper in S2 cells revealed that dPER can stably interact with OGT (Fig. 1C) .
Changing the expression levels of ogt in clock cells alters the pace of circadian rhythms in Drosophila To investigate the physiological significance of O-GlcNAc modification in circadian timing systems, we examined circadian behavioral rhythms of flies wherein expression of ogt (CG10392) or oga (CG5871) is altered in clock cells. We exploited the binary GAL4/UAS system (Brand and Perrimon 1993) to specifically knock down ogt or oga in clock cells (Dietzl et al. 2007 ). This was accomplished by crossing transgenic UAS-RNAi lines from the Viennabased Drosophila stock center (Vienna Drosophila RNAi Center [VDRC] ) with flies carrying a tim(UAS)-gal4 driver line (Blau and Young 1999) . To enhance RNAi, we coexpressed dicer2 with the UAS-RNAi lines (Dietzl et al. 2007 ). Flies were synchronized under standard conditions of 12-h light followed by 12-h dark cycles (12:12LD; whereby zeitgeber time 0 [ZT0] is lights-on and ZT12 is lights-off) at 25°C, followed by several days in complete darkness (DD), and the clock-controlled locomotor activity rhythm was analyzed.
Control flies expressing dicer2 in tim-expressing cells manifested strong rhythms with the normal~24-h period (Table 1) . In sharp contrast, flies expressing ogtRNAi in tim-expressing cells (tim>dicer2/ogt RNAi, referred to here as ogt knockdown flies) manifested robust rhythms but with significantly shortened periods (~21.7 h) ( Table 1) . Under standard synchronization conditions of 12:12LD at 25°C, flies manifest a bimodal activity pattern, with ''morning'' and ''evening'' peaks centered around ZT0 and ZT12, respectively. The evening bout of activity begins earlier in the day in ogt knockdown flies ( Fig. 2 ; Supplemental Fig. S3 ), consistent with the shorter free-running period (Table 1) . Down-regulation of oga expression in the same genetic context as ogt (tim>dicer2/oga RNAi, referred to here as oga knockdown flies) did not alter locomotor activity periods (Table 1 ). Reduced levels of OGT and OGA were observed for both ogt and oga knockdown flies ( Fig. 4A; Supplemental Fig. S2 ). It is possible that the level of oga reduction is not sufficient to render it rate-limiting with regard to circadian periodicity.
Next, we sought to increase the extent of O-GlcNAcylation in clock cells by overexpressing Drosophila ogt (tim>ogt) (Sinclair et al. 2009 ). Intriguingly, while daily locomotor activity rhythms remain robust in tim>ogt flies, there is a significant increase in the behavioral period (26.5 h) ( Table 1 ). As expected with longer free-running periods, the timing of the evening activity component is delayed in ogt-overexpressing flies ( Fig. 2; Supplemental Fig. S3 ). These results clearly indicate that the expression levels of ogt in clock cells and, presumably, the extent of OGlcNAc modification play an important role in setting the pace of the circadian timing system in Drosophila.
Given that O-GlcNAc modification of proteins might modulate many cellular events throughout the life cycle of the fly, we wondered whether the behavioral pheno- type manifested by changing the expression levels of ogt in clock cells might be due to developmental effects. To test this possibility, we used the temperature-sensitive Gal80 ts TARGET system (McGuire et al. 2003; Smith et al. 2008 ) to restrict ectopic expression of ogt during adulthood. Flies of the appropriate genotype were kept at the permissive temperature (18°C) until they were adults, and one group was evaluated at this temperature, whereas another group was placed at the restrictive temperature (29°C). At the permissive temperature, wherein Gal80 ts inhibits GAL4-driven ogt expression in tim-expressing cells, the activity period was~24 h (Table 1) . On the other hand, at the restrictive temperature, flies manifested significantly longer behavioral rhythms of~27 h (Table 1) . These results strongly suggest that the period-altering effects on circadian rhythms by manipulation of OGT levels are due to an active requirement in clock function and not to secondary effects on development.
O-GlyNAcylation of dPER is temporally regulated in flies
We next sought to examine whether O-GlcNAc modification of dPER occurs in flies. Control transgenic flies expressing the wild-type dper transgene in a wper 0 genetic background-i.e., the only functional copy of dper is transgene-derived Sun et al. 2010 )-were entrained to 12:12LD and collected at different times during a daily cycle, and head extracts were processed for immunoprecipitation with anti-dPER antibodies. Prior work showed that dPER undergoes daily changes in abundance, whereby de novo synthesized dPER is first observed during the early night (ZT12-ZT16), peaks at approximately ZT20, and begins to rapidly decline in abundance beginning at approximately ZT0 (Edery et al. 1994 ). In addition, dPER undergoes daily changes in electrophoretic mobility that are largely due to progressive increases in phosphorylation, beginning as newly synthesized hypophosphorylated isoforms and slowly transitioning to hyperphosphorylated variants by the late night/early morning, which acts as a trigger for enhanced degradation (Edery et al. 1994) . O-GlcNAcylation of dPER was first detected at ZT16, which increased in signal intensity at ZT20 and significantly decreased beginning at approximately ZT24, where the signal remained low or absent for the remainder of dPER's daily life cycle (Fig. 3A) . Because the relative change in the intensity of the dPER O-GlcNAcylation signal does not follow the same temporal profile as that of its abundance (e.g., although dPER levels are relatively higher at ZT23.8 compared with ZT16, there is more O-GlcNAcylation signal at ZT16) (Fig. 3A , cf. lanes 4 and 6), the results suggest that the extent of O-GlcNAcylation of dPER is temporally regulated.
That O-GlcNAcylation of dPER is regulated in a timeof-day-specific manner is further supported by results obtained using succinylated wheat germ agglutinin (sWGA) pull-down assays (Fig. 3B ). sWGA is a modified lectin that specifically binds O-GlcNAc on proteins (Love and Hanover 2005; Park et al. 2010 ). We used sWGAagarose beads to purify O-GlcNAc-modified proteins from head extracts prepared from flies collected throughout a daily cycle. As previously shown, OGT is auto-GlcNAcylated ( Fig. 3B ; Tai et al. 2004 ). The extent of auto- Figure 2 . The daily distribution of activity is altered in ogt knockdown and ogt-overexpressing flies. Each panel represents the average activity (in arbitrary units) of male flies for a given genotype for a consecutive 24-h period during the last day of 1212LD entrainment (LD) followed by the first (DD1) or second (DD2) day of DD. Genotypes are indicated at the left side of each panel. During LD, lights-on is indicated by white vertical bars, and lights-off is indicated by black vertical bars. During DD, subjective day is indicated by gray vertical bars, and subjective dark phase is indicated by black vertical bars. Each vertical bar represents relative activity levels during a 30-min bin. Standard error of the mean is indicated as dots above each bar. (CT) Circadian time. Note that in LD, flies exhibit a bimodal distribution of activity, with a ''morning'' peak centered around ZT0 and an ''evening'' peak centered around ZT12. Relative to control flies, the timing of the evening activity component is advanced in ogt knockdown flies (tim>dicer2, ogtRNAi), whereas it is delayed in ogt overexpression flies (tim>ogt).
GlcNAcylation of OGT is constant throughout a day (Fig.  3B, top panel) . Similar with results obtained using an antibody to O-GlcNAcylation (Fig. 3A) , sWGA pull-down also revealed that O-GlcNAcylation of dPER is first detected around ZT16, peaks at ZT20, and is greatly reduced thereafter (Fig. 3B, middle panel) . Thus, the time window for maximal O-GlcNAc modification of dPER (i.e., ZT16-ZT20) occurs some 4-8 h prior to maximal phosphorylation (i.e., ZT0-ZT4).
The O-GlcNAcylation status of a protein is likely a balance between the opposing activities of OGT and OGA. In this regard, we tested the possibility that the expression of either ogt or oga is oscillating during a daily cycle, which might contribute to rhythmic O-GlcNAcylation of dPER. However, the mRNA levels of both ogt and oga in total head extracts are constant during an LD cycle (Fig. 3C) . Consistent with constitutive expression, OGT and OGA protein levels do not manifest any changes throughout a daily cycle (Fig. 3D , top and middle panels). We also tested the possibility that the activity of OGT and/or OGA undergoes daily changes by monitoring the global pattern of O-GlcNAcylation modification of proteins in fly heads (Fig. 3D, bottom panel) . We did not detect any significant changes in the intensities of different bands, suggesting that temporal changes in the extent of dPER O-GlcNAcylation is not an attribute generally shared by other proteins modified by O-GlcNAcylation. However, at this stage, we cannot rule out possible daily fluctuations in the levels/activity of OGT and/or OGA in specific subsets of cells in the adult fly head, such as clock cells.
Altering the levels of OGT leads to changes in the daily abundance of dPER
As an initial means to examine the effect of O-GlcNAcylation on the central clock mechanism, head extracts were prepared from ogt knockdown and ogt-overexpressing flies, and the daily biochemical cycles in dPER abundance and overall phosphorylation were determined. Decreased expression levels of OGT protein in the ogt knockdown flies were confirmed by immunoblotting endogenous OGT (Fig. 4A, bottom panel) . It should be noted that the actual reduction of OGT in clock cells using RNAi is almost certainly more severe compared with the results shown here for total head extracts, as tim expression is spatially limited in the head. Peak levels of dPER were attained at approximately ZT20 for ogt knockdown flies, similar to the control situation (Fig. 4A,B) . Although we did not observe a major change in the timing of relative changes in the levels of dPER in ogt knockdown flies during an LD cycle, it is possible that the 4-h time-point resolution is not sufficient. Nonetheless, the overall daily levels of dPER in ogt knockdown flies were significantly lower compared with those observed in control flies (Fig. 4A,B) . In sharp contrast, the abundance of the clock protein CYC was not altered in ogt knockdown flies (Supplemental Fig. S4B ), indicating that the decrease in dPER levels observed in ogt knockdown flies was not due to nonspecific effects such as cellular toxicity or global inhibition of protein synthesis.
As expected based on down-regulating ogt and the accompanying reductions in the overall daily levels of dPER, the dPER O-GlcNAcylation signal in ogt knockdown flies was significantly decreased (Fig. 4C) . This was also the case when we detected immunoprecipitated dPER with an O-GlcNAc-specific antibody (Supplemental Fig.  S4A ). Nonetheless, whereas O-GlcNAcylated dPER was first observed at ZT16 in control flies, it was detected at earlier times (e.g., at ZT11.8) in the ogt knockdown flies (Fig. 4C, top panel, cf. lanes 3 and 9) . This observation is consistent with the shorter behavioral periods manifested by ogt knockdown flies (Table 1 ) and further suggests that the timing of dPER O-GlcNAcylation is tightly linked to the endogenous pace of the clock (Fig. 4C) .
Next, we examined daily dPER protein levels in ogtoverexpressing flies (Fig. 4D) . Increased expression of OGT protein was confirmed by immunoblotting for total OGT in ogt-overexpressing flies (Fig. 4D, bottom panel) . Although the phase in the daily abundance cycles of dPER proteins is similar between control and ogt-overexpressing flies, as in the case for ogt knockdown flies, the overall daily levels of dPER are higher in ogt-overexpressing flies (Fig. 4D,E) . The increased abundance of OGT is accompanied by increases in the dPER O-GlcNAcylation signal, which was prolonged later into the night (e.g., Fig. 4F , top panel, cf. lanes 5 and 10). Thus, whereas decreasing ogt expression in clock cells reduces the overall daily abundance of dPER, increasing ogt expression leads to higher dPER levels. Taken together, our results demonstrate a critical link between O-GlcNAcylation and the levels of dPER protein.
OGT modulates the daily cycle in dper mRNA levels
We examined whether the changes in dPER protein levels in flies wherein ogt expression is altered might derive from a transcriptional contribution by measuring dper mRNA levels throughout a daily cycle. There are several reproducible differences between the daily cycle in dper mRNA levels between control flies and ogt knockdown flies. Most notably, peak levels are attained~4 h earlier and are~35% lower in ogt knockdown flies (Fig. 5A) . Conversely, when ogt is overexpressed, peak levels in dper mRNA are reached later and are slightly higher compared with the control situation (Fig. 5B) . The changes in the timing of when peak levels of dper mRNA are attained in flies wherein ogt expression is genetically manipulated are consistent with the period changes in locomotor activity rhythms ( Fig. 2; Table 1 ). In our experience, measuring dper mRNA cycles offers a more reliable index for assaying changes in the timing of circadian molecular oscillations compared with the dPER protein abundance rhythm (data not shown). Although changes in the levels of dper mRNA might contribute to the observed changes in the overall daily levels of dPER protein (Fig. 4) , the more subtle effects on transcript levels suggest that OGT also directly regulates dPER stability. Indeed, the results discussed below provide evidence that OGT has a primary effect on dPER stability (Fig. 7) .
The timing of dPER nuclear entry in key brain pacemaker neurons is regulated by OGT in a manner consistent with clock speed
To further understand how OGT might regulate the pace of the clock, we examined the timing of dPER nuclear entry in key pacemaker neurons in the Drosophila brain. Several neuronal clusters in the Drosophila brain drive behavioral rhythms in locomotor activity. Among those, the small ventral lateral neurons (s-LNvs) are central for the maintenance of~24-h locomotor activity rhythms in constant dark conditions (Nitabach and Taghert 2008) . Moreover, prior work showed that the timing of dPER nuclear entry in the s-LNvs is gated, such that it occurs around ZT19-ZT20 (Curtin et al. 1995) . Flies were collected at different times in a daily cycle, and wholebrain mounts were probed with anti-dPER antibodies. In addition, antibodies against pigment-dispersing factor (PDF), a circadian relevant neuropeptide, were used to label the cytoplasm of the LNvs ( Fig. 6 ; Renn et al. 1999) .
Consistent with prior work, dPER transitions from a mostly cytoplasmic location at ZT18 and ZT19 to a largely mixed cytoplasmic and nuclear location at ZT20, followed by essentially exclusive nuclear localization by ZT22 in control flies (Fig. 6A [top panel], C) . In sharp contrast, in ogt knockdown flies, at ZT18, when dPER started to be clearly detected in our immunohistochemical analysis, most of the neurons already manifested a mixed distribution in both compartments (Fig.  6A [bottom panel], D) , and by ZT21, almost all of the LNvs manifested exclusive nuclear staining of dPER. We did not observe any s-LNvs stained with only cytoplasmic dPER in ogt knockdown flies ( Fig. 6 ; data not shown). Thus, our results indicate that when ogt expression is down-regulated in clock cells, the timing of dPER nuclear entry in the s-LNv is advanced. We also examined the nuclear entry of dPER in ogt-overexpressing flies (Fig.   6B,E,F) . Intriguingly, in ogt-overexpressing flies, the nuclear entry timing of dPER is clearly delayed, and strong nuclear accumulation was only observed beginning at ZT23 (Fig. 6B [bottom panel], F) . Moreover, we detected some s-LNvs with clear cytoplasmic dPER even at ZT21 in ogt-overexpressing flies (Fig. 6F) . Thus, the relative changes in the timing of dPER nuclear entry/accumulation by genetically manipulating ogt expression in clock cells are consistent with the changes in the periods of behavioral rhythms. For example, the earlier nuclear accumulation of dPER in ogt knockdown flies likely explains the faster pace of the clock in these flies ( Fig. 2 ; Table 1 ). In summary, our findings indicate that the timing of dPER nuclear entry in key pacemaker neurons is highly sensitive to the levels of OGT and that altering the timing of this event correlates with the modulation in clock speed.
OGT delays DOUBLE TIME (DBT)-mediated degradation of dPER in S2 cells
Based on the results in flies whereby altering OGT levels is associated with changes in the daily abundance of dPER, we sought to examine in a more direct assay whether OGT can lead to increases in the levels of dPER by using a simplified S2 cell culture system. Prior work has shown that DBT (the Drosophila homolog of casein kinase 1e [CK1e]) is the main kinase controlling dPER stability, a mechanism that involves progressive increases in global dPER phosphorylation until highly phosphorylated isoforms are targeted for rapid degradation Price et al. 1998) . A similar observation can be recapitulated in S2 cells by expressing dper under a constitutive promoter and inducing dbt (Fig. 7A , top panel, lanes 1-4; Ko et al. 2002) . Coexpression of OGT significantly delayed the DBT-dependent decline in dPER levels (Fig. 7A, top panel, cf. lanes 5-8 and 1-4; see Supplemental Fig. S5A for quantification of results) . Ectopic expression of ogt clearly leads to a greater extent of dPER O-GlycNAcylation, even when similar amounts of dPER are compared (Fig. 7B) . To more directly measure the stability of dPER, we inhibited translation by adding cycloheximide into the medium at 24 h post-DBT induction and measured dPER levels (Supplemental Fig.  S5B,C) . When OGT was coexpressed, the rate of decrease in dPER protein levels was significantly less (Supplemental 
Discussion
Circadian clocks operate through negative feedback loops wherein positive elements activate negative elements, which in turn repress the activity of the positive elements until the levels of the negative elements decline, enabling another round of activation by the positive elements. To construct such a type of oscillating system, a lag is required before the negative elements can act to inhibit the positive elements (Leloup and Goldbeter 1998; Allada et al. 2001; Stanewsky 2003) . In Drosophila, the delayed nuclear entry/accumulation of dPER contributes to the time delay in feedback repression. A complex web of kinases and phosphatases regulates when in a daily cycle dPER participates in repressing dCLK-CYC-mediated transcription by regulating its stability, timing of nuclear entry, and duration in the nucleus. While DBT is the major kinase driving daily cycles in dPER levels, other kinases such as CK2 and GSK-3b/SGG appear to have preferential effects on regulating the translocation of dPER from the cytoplasm to the nucleus (Bao et al. 2001; Lin et al. 2002; Akten et al. 2003; Nawathean and Rosbash 2004; Ko et al. 2010) . The association of TIM with dPER in the cytoplasm not only protects dPER from DBT-mediated degradation, but also enhances, yet is not obligatory for, dPER nuclear entry (Shafer et al. 2002) . Thus, the regulation of when in a daily cycle dPER translocates from the cytoplasm to the nucleus involves numerous factors. Here, we show that the timing of dPER nuclear entry is more complex than previously thought and identify O-GlcNAcylation as a critical post-translational modification in setting clock speed.
In this study, we show that dPER is a direct target of OGT and is modified by O-GlcNAcylation. This modification occurs in a temporally regulated manner, first detected in the early night, peaking in the middle of the night, and declining/disappearing thereafter for the re- Figure 6 . Manipulating the levels of OGT in clock cells leads to changes in dPER nuclear entry that are consistent with the period of activity rhythms. Adult flies of the indicated genotypes were collected at the indicated times in LD, and isolated brains were processed for whole-mount immunohistochemistry. (A,B) Shown are representative staining patterns obtained for the s-LNvs. (C-F) For each genotype, the subcellular localization of dPER at different times in a daily cycle was quantified for the s-LNvs from at least five flies. dPER was visualized with anti-dPER antibodies (shown in green). PDF was visualized with an anti-PDF antibody (shown in red) and serves as a convenient cytoplasmic marker for the s-LNvs. Note that nuclear entry time of dPER is advanced in ogt knockdown flies, whereas it is delayed in ogt-overexpressing flies. (A,C,D) Moreover, whereas exclusively cytoplasmic dPER was observed in control flies from ZT18 to ZT20, we did not observe any s-LNvs where dPER was restricted to the cytoplasm in ogt knockdown flies. (B,E,F) On the other hand, in ogt-overexpressing flies, dPER mainly localized to the cytoplasm was still visible even later into the night compared with the control situation.
mainder of the dPER daily life cycle (Fig. 3) . At present, it is not clear how O-GlcNAcylation of dPER is temporally regulated. Based on our studies indicating that expression of either ogt or oga is not under circadian regulation (Fig.  3) , some other factor(s) might favor O-GlcNAcylation of dPER during the first half of the night. For example, uridine diphosphate-N-acetylglucosamine (UDP-GlcNAc), the donor substrate of OGT, is generated from glucose via the hexosamine biosynthetic pathway, indicating that the extent of protein O-GlcNAcylation can be sensitive to nutrient availability (Walgren et al. 2003; Housley et al. 2008 ). Thus, it is possible that metabolic cues are affecting the activity of OGT in clock cells, leading to rhythmic activity of OGT.
The physiological significance of O-GlcNAc modification in circadian clock systems was demonstrated by showing that the period of daily activity rhythms is sensitive to the levels of ogt expression in clock-specific cells (Table 1) . Remarkably, the periodicity of behavioral rhythms in ogt knockdown flies is shortened, whereas longer periods are observed in flies overexpressing ogt (Table 1 ). This strongly suggests that O-GlcNAcylation of dPER is a key variable in setting clock speed. We identified the timing in dPER nuclear entry (Fig. 6) as a key event in the clockworks that is altered by changes in ogt expression in a manner consistent with the changes in overt behavioral rhythms. For example, inhibiting endogenous ogt expression in clock cells advanced the time of dPER nuclear entry (Fig. 6) , likely underlying the shorter behavioral rhythms.
Alterations in the timing of dPER nuclear entry by genetically manipulating ogt levels might also explain the differences in dper mRNA abundance cycles (Fig. 5) . For example, the more rapid nuclear entry of dPER in ogt knockdown flies (Fig. 6A,C,D) could contribute to the earlier decline in dper mRNA levels and its inability to attain maximal peak values (Fig. 5A) . Clearly, the earlier nuclear entry of dPER when ogt levels are reduced is not Interplay between O-GlcNAcylation and phosphorylation of dPER might set the proper timing of dPER nuclear entry (wild type). When ogt expression is down-regulated, less O-GlcNAcylation of dPER might increase and/or advance phosphorylation at sites that enhance its translocation to the nucleus, provoking earlier nuclear entry of dPER (ogt knockdown). On the other hand, when ogt is overexpressed, prolonged O-GlcNAcylation of PER might hamper nuclear entry-specific dPER phosphorylation, leading to delayed nuclear entry of dPER (ogt overexpression). The dashed line indicates the stabilizing effect of O-GlcNAcylation on dPER protein abundance. The gray-to-black gradient bar on the bottom of each panel represents the dark period of the day from ZT12 to ZT24. (G) GlcNAc; (P) phosphate.
due to an increase in the abundance of dPER (Fig. 4) . Rather, it appears that dPER stability is increased by more extensive O-GlyNAcylation. Experiments in S2 cells suggest that OGT has a primary effect on stabilizing dPER against DBT-mediated degradation ( Fig. 7 ; Supplemental Fig. S5 ). How this occurs is presently not clear. It is also not established whether OGT-mediated changes in the levels of dPER contribute to altering the timing of dPER nuclear entry. However, it should be noted that other factors, such as DBT and TIM, regulate both the stability of dPER and its nuclear entry time (Bae and Edery 2006) , so multiple effects of O-GlyNAcylation on both dPER levels and nuclear translocation are not unanticipated. Because O-GlyNAcylation of dPER is mainly observed when it resides in the cytoplasm (Figs.  3, 4) , we propose that this modification acts as an interval timer to prevent the premature nuclear entry of dPER (Fig. 7C ). While future work will be required to better understand the mechanism for how O-GlcNAcylation regulates dPER nuclear entry, it is possible that O-GlcNAcylation of dPER might attenuate phosphorylation at sites that enhance its translocation to the nucleus (Bao et al. 2001; Akten et al. 2003; Nawathean and Rosbash 2004; Cyran et al. 2005; Muskus et al. 2007; Ko et al. 2010) . Indeed, there are numerous reports illustrating complex interplays between phosphorylation and O-GlcNAcylation (Butkinaree et al. 2010; Zeidan and Hart 2010) .
It is intriguing that in plants, Spindly (Spy), which has significant similarity to animal OGT, functions in the same pathways with GIGANTE (GI) (Tseng et al. 2004; Olszewski et al. 2010) . Like GI, SPY affects circadian rhythms in Arabidopsis. In loss of spy function mutants, the circadian period in cotyledon movement rhythm is lengthened, whereas overexpressing spy shortens the rhythm. Recent work by Durgan et al. (2011) using cardiomyocytes showed diurnal variations in total protein O-GlcNAcylation and identified Bmal1 as an O-GlcNAcmodified protein in mammals. Together with our results, this implies that O-GlcNAc modification has a conserved role in regulating circadian clock pace.
Materials and methods
Fly strains and behavioral assays UAS-oga RNAi, UAS-ogt RNAi, and UAS-ogt flies have been described (Sinclair et al. 2009; Park et al. 2011) , and UAS-ogt flies were kindly provided by Barry M. Honda (Simon Fraser University, Canada). tub-gal80 ts flies were kindly provided by KwangMin Choe (Yonsei University, Korea).
The locomotor activities of individual flies were measured as previously described using the Drosophila Activity Monitoring system from Trikinetics (Sun et al. 2010) . Briefly, young adult flies were used for the analysis and kept in incubators at the indicated temperature (18°C, 25°C, and 29°C), exposed to at least 4 d of 12:12LD (where ZT0 is defined as the time when the light phase begins), and subsequently kept in constant dark (DD) conditions for 7 d. Locomotor activity data for each individual fly were analyzed using the FaasX software (Fly Activity Analysis suite for Mac OS X), which was generously provided by F. Rouyer (CNRS, France). Periods were calculated for each individual fly using x 2 periodogram analysis and pooled to obtain a group average for each independent transgenic line or genotype. Power is a quantification of the relative strength of the rhythm during DD. Individual flies with a power $10 and a ''width'' value of $2 (denotes number of peaks in 30-min increments above the periodogram 95% confidence line) were considered rhythmic.
Plasmids and methods for S2 cell-based assays
The pAct-per, pAct-tim, pAct-per-V5, pMT-Clk-V5, and pMTdbt-V5 plasmids were described previously (Ceriani et al. 1999; Ko et al. 2002; Kim and Edery 2006; Kim et al. 2007 ). To generate pMT-ogt-V5, coding regions of ogt were amplified by PCR from a cDNA clone and subcloned into pMT/V5-His (Invitrogen) using ApaI and XbaI. S2 cells were obtained from Invitrogen and transfected using effectene reagent following the manufacturer's protocol (Qiagen). Recombinant proteins under the control of the metallothionein promoter (pMT) were induced by adding CuSO 4 to a final concentration of 500 mM in the medium.
Immunoblotting and immunoprecipitation
Protein extracts from S2 cells were prepared as previously described . Briefly, cells were lysed using modified RIPA buffer (50 mM Tris-HCl at pH 7.5, 150 mM NaCl, 1% NP-40, 0.25% sodium deoxycholate) with the addition of protease inhibitor cocktail and PhosSTOP. For protein extracts from flies, flies were collected by freezing at the indicated times in LD, heads were isolated, and total fly head extracts were prepared using modified RIPA buffer as previously described ). Protein extracts from either S2 cells or heads were resolved by SDS-polyacrylamide gel electrophoresis (PAGE), and target proteins were identified by immunoblotting as previously described (Sun et al. 2010 ). Immunoblots were probed using primary antibodies at the following dilutions: anti-V5 (Invitrogen), 1: 10,000; anti-TIM (TR3), 1:3000 (Sidote et al. 1998) ; and anti-dCLK (GP208), 1:3000 . We also raised a novel rabbit anti-dPER antiserum termed dPER-Rb1 and dPER-Rb2 (AbFrontier) using the same antigen previously described (Lim et al. 2007) , and dPER-Rb1 was used in this study. To detect Drosophila OGT and OGA, anti-OGT Ab (H300, Santa Cruz Biotechnology) and anti-OGA Ab (Kang et al. 2009 ) were used at the following dilutions: anti-OGT, 1:3000; and anti-OGA, 1:2000. Quantification of immunoblots was performed with NIH ImageJ software.
To probe for O-GlcNAc modification on clock proteins, we first performed immunoprecipitation essentially as previously described (Sun et al. 2010) . To protein extracts from S2 cells and fly head extracts, we added 3 mL of anti-PER (GP339), anti-CLK(GP208), anti-HA(12CA5), or anti-Flag (M2) antibody, depending on the target protein sought, and incubated with gentle rotation for 3-5 h at 4°C, followed by the addition of 20 mL of Gammabind G-Sepharose (GE Healthcare) with a further incubation of 1-2 h. Beads were collected by light centrifugation, and immune complexes were mixed with 30 mL of 13 SDS-PAGE sample buffer and incubated for 5 min at 95°C; the resulting supernatants were analyzed by immunoblotting. O-GlcNAcspecific antibodies were used at the following dilutions: HGAC-85, 1:1000 (Abcam); and RL-2, 1:2000 (Thermo). sWGA pull-down was performed by adding sWGA-agarose (L-1020S, Vector Laboratories) to the protein extracts, and bound material was analyzed by immunoblotting.
Quantitative real-time RT-PCR
Quantitative real-time RT-PCR was performed as described previously (Sun et al. 2010) . Total RNA was isolated from frozen heads using TRI reagent (Molecular Research Center, Inc.). Fivehundred nanograms of total RNA was reverse-transcribed with oligo-dT primer using amfiRivert reverse transcriptase (GenDEPOT), and real-time PCR was performed using the Corbett Rotor Gene 6000 instrument (Corbett Life Science) in the presence of Quantitect SYBR Green PCR Kit (Qiagen). The primer sequences used here for quantitation of dper and tim RNAs were as described in Yoshii et al. (2007) and were as follows: dper forward, 59-GA CCGAATCCCTGCTCAATA-39; dper reverse, 59-GTGTCATT GGCGGACTTCTT-39; tim forward, 59-CCCTTATACCCGAG GTGGAT-39; and tim reverse, 59-TGATCGAGTTGCAGTG CTTC-39. The primer sequences used here for quantitation of ogt and oga RNAs were as follows: ogt forward, 59-GCTAT ACGCCTGGGAACAAA-39; ogt reverse, 59-CCTTTGGCAT ACTGTGAGCA-39; oga forward, 59-ACAAGGAGATTTGCC ACGAG-39; and oga reverse, 59-AGCTGCCCTCTGTGTAGG AA-39. We also included primers for the noncycling mRNA coding for CBP20 as previously described (Majercak et al. 2004) , and sequences were as follows: cbp20 forward, 59-GTC TGATTCGTGTGGACTGG-39; and cbp20 reverse, 59-CAACA GTTTGCCATAACCCC-39. Results were analyzed with software associated with Rotor Gene 6000, and relative mRNA levels were quantitated using the 2 ÀDDCt method.
Immunohistochemistry
Confocal imaging of adult brains was performed as described ). Briefly, adult fly heads were cut open in ice-cold PBS, and at least five to seven brains were analyzed for each time point in a daily cycle. Heads were fixed in 4% paraformaldehyde and rinsed with PBS containing 1% Triton X-100. Fixed heads were dissected with needles, and isolated brains were incubated for 30 min to several hours in a blocking solution comprised of PBT solution (PBS containing 0.5% Triton X-100) containing 10% horse serum. Primary antibodies were directly added to the blocking solution and incubated overnight at 4°C. The following antibodies and final dilutions were used: (1) anti-dPER antibody, 1:250 (Lim et al. 2007) ; and (2) anti-PDF antibody (C7), 1:200 (Cyran et al. 2005) . Subsequently, brains were washed with PBT, and blocking solution containing secondary antibodies was added and incubated overnight at 4°C. The secondary antibodies used were Alexa488-conjugated anti-rabbit IgG (Invitrogen) or Alexa555-conjugated anti-mouse IgG (Sigma), both at a final dilution of 1:200. After several washes with PBT, brains were incubated in 0.1 M phosphate buffer containing 50% glycerol for 15-30 min, and tissues were transferred onto slides and mounted with Vectashield (Vector Laboratories). Confocal images were obtained with an LSM7 Confocal Microscope (Zeiss) and processed with Zen software (Zeiss).
